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The derivatives of hyperforin, namely hyperforin acetate (2), 17,18,22,23,27,28,32,33-
octahydrohyperforin acetate (3), and N,N-dicyclohexylamine salt of hyperforin (4),
have been investigated for their antitumor properties. In-vitro studies demonstrated that
2 and 4 were active against HeLa (human cervical cancer), A375 (human malignant
melanoma), HepG2 (human hepatocellular carcinoma), MCF-7 (human breast cancer),
A549 (human nonsmall cell lung cancer), K562 (human chronic myeloid leukemia),
and K562/ADR (human adriamycin-resistant K562) cell lines with ICsq values in the
range of 3.2—-64.1 uM. The energy differences between highest occupied molecular
orbital and lowest unoccupied molecular orbital of 2—4 were calculated to be 0.39778,
0.43106, and 0.30900 a.u., respectively, using the Gaussian 03 software package and ab
initio method with the HF/6-311 G* basis set. The result indicated that the biological
activity of 4 might be the strongest and that of 3 might be the weakest, which was in
accordance with their corresponding antiproliferative effects against the tested tumor
cell lines. Compound 4 caused cell cycle arrest at G2/M phase in flow cytometry
experiment and induced apoptosis by 4',6-diamidino-2-phenylindole staining and
Annexin V-FITC/PI (propidium iodide) double-labeled staining in HepG2 cells. The
results indicated a potential for N,N-dicyclohexylamine salt of hyperforin as a new
antitumor drug.

Keywords: hyperforin derivatives; antiproliferative effect; apoptosis; quantum

chemistry calculation

1. Introduction

Hyperforin is an abundant nonpolar
phloroglucinol derivative isolated from
the antidepressant medicinal plant Hyper-
icum perforatum L. (St John’s wort) and
has been widely considered one of the
main active components responsible for
the antidepressive effect of H. perforatum
[1]. It showed a wide spectrum of activities
such as antidepression [1-3], antibacteria
[4,5], anti-inflammation [6,7], and anti-
tumor [8—10]. In-vitro and in-vivo exper-
iments have evidenced that hyperforin

could inhibit the proliferation of various
human and rat tumor cells, such as
mammary carcinoma MT-450 cells, brain
glioblastoma LN229 cells, leukemia K562
and U937 cells, B-cell lymphocytic
leukemia cells, and soon [8,11]. Further
investigation indicated that hyperforin
showed antitumor effects through induc-
tion of apoptosis of cancer cells [8,9,11],
inhibition of angiogenesis [12,13], sup-
pression of invasion, metastasis [14], and
lymphangiogenesis [10].

Hyperforin was reported to cause a
dose-dependent generation of apoptotic
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oligonucleosomes, typical DNA laddering
and apoptosis-specific morphological
changes such as homogenization and
vacuolization of mitochondria. The loss of
mitochondrial transmembrane potential
caused the changes in morphology and
permeabilization of mitochondria and the
release of cytochrome ¢ from mitochondria,
and thus, caspase-3 and caspase-9 were
activated, which triggered a mitochondria-
mediated apoptosis pathway [8]. In a
proapoptotic study by Quiney et al. [9],
hyperforin was found to promote apoptosis
of B-cell chronic lymphocytic leukemia
cells, by disruption of the mitochondrial
transmembrane potential, activation of
caspase-3, cleavage of the caspase substrate
poly ADP-ribose polymerase-1 (PARP-1),
induction of downregulation of Bcl-2, Mcl-
1, the cell cycle inhibitor p27 (kip1), and the
nitric oxide synthase of type 2.

Angiogenesis is a prerequisite for the
growth and metastasis of tumor. Hyperforin
was demonstrated to inhibit angiogenesis in-
vitro and in-vivo, by inhibiting the growth,
invasion, and metastasis of endothelial cells,
abrogating capillary tube formation on
Matrigel, inhibiting the production and
secretion of urokinase, matrix metallopro-
teinase 2 (MMP-2), and MMP-9, and
decreasing the release of vascular endo-
thelial growth factor (VEGF), which are key
events in tumor angiogenesis [12,13].

Both hyperforin and aristoforin inhib-
ited lymphangiogenesis by the suppression
of lymphatic capillary outgrowth [10].
Hyperforin showed cytotoxicity and inhi-
bition of matrix proteinases, tumor inva-
sion, and metastasis for the following
reasons: inhibition of various proteinases
such as the leukocyte elastase, cathepsin G,
and urokinase-type plasminogen activator
in a dose-dependent and noncompetitive
manner; inhibition of extracellular signal-
regulated kinase 1/2; and reduction of
MMP-2 and MMP-9 secretion. Hyperforin
also reduced inflammatory infiltration,
neovascularization, size of experimental

metastases, and number of lung metastases
in mice [14].

However, the potential clinical appli-
cation of hyperforin is limited by its poor
stability exposed to light, heat, and
oxygen. Several analogs have been syn-
thesized to improve the stability of
hyperforin, which retain good antidepress-
ant activity. The hyperforin derivatives
17,18,22,23,27,28,32,33-octahydrohyper-
forin, aristoforin, and 17,18,22,23,27,28,
32,33-octahydroaristoforin inhibited MT-
450 cell proliferation and induced apopto-
sis in-vitro. Aristoforin showed a signifi-
cant inhibitory effect on tumor growth in
the MT-450 tumor-bearing animals,
whereas 17,18,22,23,27,28,32,33-octahy-
drohyperforin and 17,18,22,23,27,28,32,
33-octahydroaristoforin showed no effect
in-vivo, suggesting that the double bonds
in the isoprene side chains might contrib-
ute to the in-vivo effect of the derivatives
[15].

In this study, three hyperforin deriva-
tives, hyperforin acetate (2), 17,18,22,23,
27,28,32,33-octahydrohyperforin acetate
(3), and N,N-dicyclohexylamine salt of
hyperforin (4), were synthesized and sub-
jected to cell-growth inhibition assay against
HeLa, A375, HepG2, MCF-7, A549, K562,
and K562/ADR cell lines. Compound 4 was
shown to be the most effective one, which
could arrest cell cycle at the G2/M phase and
induce apoptosis in HepG2 cells. Moreover,
the quantum chemistry calculations
suggested a correlation between the inhibi-
tory activities against tumor cells and the
frontier molecular orbital energy differences
of these compounds.

2. Results and discussion

2.1 Inhibition of cell growth by
hyperforin derivatives

The concentration-growth inhibition rate
curves of hyperforin derivatives are shown
in Figure 1. Compound 2 showed signifi-
cant cytotoxic activities against A375 and
HepG2 from 1.6 pM and against the other
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Figure 1. Inhibition rates of cells growth by hyperforin derivatives in (A) HeLa, (B) A375,
(C) HepG2, (D) MCF-7, (E) A549, (F) K562, and (G) K562/ADR cell lines (significantly different
from the negative control, *p < 0.05, *¥p < 0.01).
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tumor cell lines from 6.2 uM. The inhi-
bition rates toward the tumor cell lines were
in the range from 56.98 to 82.63% at the
concentrations of 1.6—100 pM. Compound
4 showed antiproliferative activities against
all the tumor cell lines from the lowest
concentration, significantly different from
the negative control (p < 0.01). The
inhibition rates were in the range from
81.95 to 98.38% at the concentrations of
1.6—100 pM. Compounds 2 and 4 showed
dose-dependent inhibition activities toward
HeLa, A375, A549, K562, and K562/ADR
cell lines. Interestingly, the inhibition of 2
against HepG2 and 4 against HepG2 and
MCF-7 cell lines had a tendency of
ascending, descending, and ascending with
the increase of the dose. The reason of the
result might be that the compounds with
different concentration induced the apopto-
sis of these tumor cells for different reasons,
which remains to be further studied.

The half maximal inhibitory concen-
tration (ICs() values of hyperforin deriva-
tives are summarized in Table 1. The data
showed that compounds 2 and 4 inhibited
the growth of different types of tumor cells
with ICsy values in the range of 2.7-
58.9 uM, whereas compound 3 inhibited
the growth of all the cell lines at higher
concentrations (ICsq > 100 uM) com-
pared with compounds 2 and 4. The result
supported the opinion of Gartner that the
presence of the double bonds in the
isoprene side chains (2 and 4) favored
the antiproliferative activity [15]. Overall,

HepG2 cell line was the most susceptible
to compound 4, followed by the MCF-7
cell line, whereas the HelLa cell line was
the most sensitive one by the exposure to
compound 2. Compound 4, the most active
derivative, showed selectivity for HepG2,
MCF-7, HelLa, and A549 cell lines.
In addition, it showed a good antiproli-
ferative effect against K562/ADR with an
IC5o value of 14.3 M, which was
much lower than that (66.9 uM) of
adriamycin. Compounds 2 and 4 demon-
strated excellent antiproliferative activities
on various human tumor cell lines from
diverse target organs, including leukemia
and solid tumors. The results suggested
that these compounds had promising
antitumor activity against a broad spec-
trum of human tumors.

2.2 Relationship between frontier
molecular orbitals and activities of
hyperforin derivatives

In general, the main factors that affect
the biological activities of molecules
are frontier molecular orbitals including
the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecu-
lar orbital (LUMO). The interaction
between the active molecules and their
receptors, i.e. biomacromolecules, mainly
occurs near the frontier molecular orbitals
of both molecules. The HOMO and its
vicinal occupied orbitals are prone to
donate electrons, whereas the LUMO and
its vicinal unoccupied orbitals are prone to

Table 1. In-vitro antiproliferative activity against several tumor cells.

Compounds [ICsg (LM)]

Cell lines 2 4 Adriamycin
HeLa 17.3 £ 2.1 >100 3.1+0.1 2.1 £0.1
A375 50.6 £ 1.5 > 100 124 13 04 *=0.1
HepG2 58.9 £33 > 100 2.7 *£0.1 3.0 £0.1
MCF-7 21.7 £ 1.8 > 100 28 £0.1 3.1 £0.1
A549 414 0.3 >100 37+ 1.1 3.1 204
K562 343+ 4.1 >100 99 0.2 1.0 £0.2
K562/ADR 41.6 £ 09 >100 143 £ 04 66.9 = 4.5
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accept electrons. The lower the energy
difference between HOMO and LUMO is,
the more liable the interaction is to occur
[16-18].

The HOMO energies of compounds 2—
4 were calculated to be —0.26021,
—0.29080, and —0.19874a.u., respect-
ively, and their corresponding LUMO
energies were 0.13757, 0.14026, and
0.11026 a.u., respectively. As a result, the
energy differences between HOMO and
LUMO of these three compounds were
calculated to be 0.39778, 0.43106, and
0.30900 a.u., respectively. The results
indicated that compound 4 might have the
strongest biological activity as it had the
least energy difference between HOMO
and LUMO, followed by compound 2, and
the activity of compound 3 might be the
weakest, which showed reasonable agree-
ment with their corresponding antiproli-
ferative effects against the tested tumor cell
lines in this study. As both compounds 2
and 4 have isoprene side chains, as all the
double bonds in the isoprene side chains of
compound 3 have been hydrogenated, it
can be inferred that the double bonds in the
isoprene side chains might play a role in
chemical regulation of anticancer activity.
Compound 2 is an acetate of hyperforin at
the C-7 hydroxyl group, whereas com-
pound 4 is a nitrogen salt of hyperforin at
the same position, indicating that suitable
hydrophilic substituted enolized (-dicar-
bonyl system might improve the activity.

2.3 Induction of apoptosis by N,N-
dicyclohexylamine salt of hyperforin

Next, we investigated whether the growth
inhibition effects of compound 4 on cells
were due to apoptosis by 4',6-diamidino-2-
phenylindole (DAPI) staining and
Annexin V-FITC/PI double-labeled flow
cytometry analysis.

HepG?2 cells were stained with DAPI to
observe abnormal cell morphology by laser
confocal scanning microscopy. The cell
nuclei in the control group without

compound 4 treatment emitted uniform
blue fluorescence, indicating that the cells
were normal and the nuclei were intact,
whereas apoptotic bodies that have typical
morphological characteristics of apoptosis
(Figure 2) appeared after the exposure of
the cells to 1, 5, and 40 wM of compound 4
for 48 h. The apoptotic bodies in the group
treated with 5 or 40 wM of compound 4
were much more than those in the group
treated with 1 wM of compound 4; whereas
the total number of cells in the 40 wM group
were much lower than those in the 5 uM
group, and more shriveled and deformed
cell nuclei were observed in the former,
showing a dose-dependent effect.

In addition, Annexin V-FITC/PI
double-labeled flow cytometry analysis
confirmed the apoptosis induced by com-
pound 4. HepG2 cells were treated for 48 h
with this compound over a concentration
range from 1 to 40 M, and the degree of
cell apoptosis was evaluated by Annexin V-
FITC/PI double-labeled flow cytometry.
Figure 3 shows that little binding with
Annexin V-FITC was observed in
untreated HepG2 cells. However, after
treatment of cells with compound 4 at
concentrations of 1, 5, and 40 uM for 48 h,
the apoptotic percentage reached
12.6 £ 0.8, 31.6 = 1.0, and 60.5 = 2.8%,
dose dependently, significantly different
from that of the control (3.5 = 0.6%)
(p <0.01). The results combined with
the morphological changes indicated that
the antiproliferative effect of compound 4
correlated with the induction of apoptosis.

2.4 Cell cycle arrest induced by N,N-
dicyclohexylamine salt of hyperforin
Propidium iodide (PI) staining analysis
was performed on HepG2 cells after
treatment with different concentrations of
compound 4, and the cell cycle distribution
was analyzed by flow cytometry. The
results of cell cycle analysis are presented
in Table 2 and Figure 4. The data
demonstrated that the percentage of cells
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Figure 2. Morphological study of HepG2 cells treated with compound 4 for 48 h by DAPI staining
with laser confocal scanning microscopy. The arrows indicate the nuclear fragmentation.

Scale bar = 20 pm.

in G1 phase was significantly higher in cell
samples incubated with compound 4 at a
concentration of 40 wuM than that in the
control group. And the proportion of G2/M
phase cells treated with compound 4
increased remarkably in a dose-dependent
manner. However, the proportion of S
phase cells had no significant change. The
result indicated that compound 4 might
induce apoptosis of HepG2 cells mainly by
G2/M phase arrest.

3. Conclusions

This study demonstrated that hyperforin
acetate and N,N-dicyclohexylamine salt of
hyperforin showed good in-vitro antipro-
liferative activity in a variety of cell lines
derived from human hematologic malig-
nancies and solid tumors, such as Hela,
A375, HepG2, MCF-7, A549, K562, and
K562/ADR cell lines. The potential
clinical applications of hyperforin deriva-
tives in the treatment of various cancers

are promising. The results of quantum
chemistry calculations showed that com-
pounds 4, 2, and 3 might have an
anticancer potency in descending order,
which was consistent with the results of in-
vitro antitumor experiments. It is also
important to note that N,N-dicyclohexyla-
mine salt of hyperforin showed the
antitumor effect through induction of cell
apoptosis and elongating the G2/M phase
of the cell cycle. Further studies on a
detailed mechanism of apoptosis induced
by hyperforin derivatives are currently
underway in our laboratory.

4. Experimental
4.1 Material

The hyperforin derivatives were syn-
thesized as described in the literature
procedure (shown in Scheme 1) and
hyperforin was obtained from the H.
perforatum extract (containing 5% hyper-
forin) purchased from Shaanxi Jiahe
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Figure 3. Induction of apoptosis by compound 4 in HepG2 cells. The figures are representative of
three separate experiments. Data represent the means = SD of at least three independent
experiments (significantly different from the negative control, *#p < 0.01).

Phytochem Co. Ltd (Shaanxi, China).
Their structures (Figure 5) were identified
by comparison with literature values [19—
21]. Adriamycin (doxorubicin hydrochlo-
ride for injection) was purchased from
Zhejiang Hisun Pharmaceutical Co. Ltd
(Zhejiang, China).

4.2 Cell culture

K562 cells (ATCC, Manassas, VA, USA)
and K562/ADR cells (kindly provided by
Prof. Qing-Duan Wang at Academy of
Medical and Pharmaceutical Sciences,

Zhengzhou University) induced from
K562 cell line by adriamycin were grown
in RPMI-1640 (Gibco, Paisley, UK) with
10% heat-inactivated fetal bovine serum
(FBS) and treated with 100 U/ml penicillin
and 100 pg/ml streptomycin. HelLa, A375,
HepG2, MCF-7, and A549 cells (offered by
Guangzhou Jinan Biomedicine Research
and Development Center) were routinely
grown in Dulbecco’s Modified Eagle
Media (DMEM) (Gibco) supplemented
with 10% heat-inactivated FBS and treated
with 100 U/ml penicillin and 100 pg/ml

Table 2. The effect of compound 4 on the cell cycle of HepG2 cells.

% HepG?2 cells

Cell cycle phase Control 1M S5uM 40 pM
Gl 63.6 1.2 663 = 1.4 61.7 = 0.5 55.6 £ 2.5%%
S 28.7 £ 0.8 26.8 £ 1.1 270+ 1.3 254 £2.6
G2/M 7.0+ 1.3 6.8 = 1.0 11.2 £ 1.4 19.0 £ 1.6%*

Notes: Data represent the percentage of cells in a particular phase of the cell cycle after 48 h of treatment with
compound 4. Data are representative of three independent experiments (vs. control, #*p < 0.05, *#p < 0.01).
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Figure 4. Analysis of cell cycle. Percentages of cells in G1, S, and G2/M phases are presented in
histogram. The figures are representative of three separate experiments.

streptomycin. The cells were incubated at
37°C in a humid atmosphere containing 5%
CO; in air.

4.3 Inhibition of cell proliferation by
hyperforin derivatives

To determine the effect of hyperforin
derivatives on cell growth, the in-vitro
cytotoxic activities of compounds 2—4 were
tested against six tumor cell lines for 48 h by
means of the 3-(4,5-dimethylthiaz

ol-2-yl)-2,5-diphenyl-2H-tetrazolium bro-
mide (MTT) assay as described by Mos-

mann [22]. The hyperforin derivatives stock
solutions at 50mM in dimethylsulfoxide
(DMSO) were stored at —20°C. Adriamy-
cin was used as positive control. HelLa,
A375,HepG2, MCF-7, and A549 cells were
plated onto 96-well plates at 1 X 10°-
cells/well in DMEM with 10% heat-
inactivated FBS and incubated for 24h.
Cells were treated with different concen-
trations of these derivatives in the range of
1.6—100 puM in 96-well plates for 48h.
K562 and K562/ADR cells were plated onto
96-well plates at 2 X 10° cells/well in
RPMI-1640 with 10% heat-inactivated
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Scheme 1. Reagents and conditions: (a) CsHsN, (CH;CO),0, RT; (b) MeOH, 5% Pd/C, H,, RT;
and (c) hexane-isopropanol (98:2), N,N-dicyclohexylamine, RT.

FBS and treated with various concentrations
of these derivatives as above for 48 h. Then,
20 ul of RPMI-1640 or DMEM medium
with 10% FBS and 5mg/ml MTT was
added. The precipitated formazan was
dissolved in 100 wl DMSO. Cell viability
was evaluated by optical density reading at
570 nm. Three independent sets of exper-
iments conducted in triplicates were eval-
uated, and the results were expressed as the
percentage reduction in cell viability

2 3

compared with those of untreated control
cultures.

4.4 Quantum chemistry calculations

To investigate the relationship between the
molecular structure of hyperforin deriva-
tives and their anitumor activity, the
quantum chemical calculation of these
compounds was carried out using the
Gaussian 03 software package and ab
initio method with the HF/6-311 G* basis

Figure 5. Chemical structures of hyperforin derivatives.
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set [23]. The equilibrium molecular geo-
metry configuration and molecular orbital
energy level of hyperforin derivatives were
determined after optimization calculation.
The energy differences between HOMO
and LUMO of hyperforin derivatives were
combined with their ICsy values derived
from the MTT assays to discuss the
structure —activity relationships.

4.5 Morphological examination of
apoptotic cells

Apoptotic morphology was studied by
staining the cells with DAPI fluorometric
dye. Cells were washed three times with
phosphate buffered saline (PBS) after
being incubated with 5 uM N,N-dicyclo-
hexylamine salt of hyperforin for 48h.
Cells were then stained with DAPI for 1h
in the dark. And a laser confocal scanning
microscope (LSM 510 META DUO
SCAN, Carl Zeiss, Jena, Germany) was
used to observe the cell morphology.

4.6 Flow cytometric analysis of
apoptosis induced by N,N-
dicyclohexylamine salt of hyperforin

In apoptotic cells, the membrane phospho-
lipid phosphatidylserine (PS) is translocated
from the inner to the outer leaflet of the
plasma membrane, thereby exposed to the
external cellular environment. Annexin V is
a Ca®"-dependent phospholipid-binding
protein with an extremely high affinity for
PS. Therefore, the Annexin V-FITC/PI
staining was used to determine whether
cell viability impacted by N,N-dicyclohex-
ylamine salt of hyperforin was related to
programmed cell death (apoptosis) or
necrosis procedure.

HepG2 cells were plated at a density of
1 x 10° cells/well on six-well plates. After
treatment with N,N-dicyclohexylamine
salt of hyperforin for 48h, HepG2 cells
were washed with cold PBS, then stained
with 100 pl incubation buffer containing
Annexin V-FITC/PI, and incubated at 37°C
free from light for 15min. Thereafter,

treated cells were immediately analyzed in
a FACSCanto II flow cytometer (ELITE,
Beckman Coulter, Fullerton, CA, USA).
The percentage of apoptotic cells was
determined by the MultiCycle software
(Phoenix Flow Systems, San Diego, CA,
USA). The fluorochrome was excited using
the 488-nm light of argon ion laser, and
Annexin V and PI emissions were mon-
itored at 525 and 630nm, respectively.
In each analysis, 10,000 events were
recorded. The dual parametric dot plots
were used for calculation of the percentage
of nonapoptotic viable cells in the lower
left quadrant (Annexin V-negative/PI-
negative), early apoptotic cells in the
lower right quadrant (Annexin V-positi-
ve/Pl-negative), late apoptotic or necrotic
cells in the upper right quadrant (Annexin
V-positive/PI-positive), and mechanically
injured cells in the upper left quadrant
(Annexin V-negative/PI-positive).

4.7 Analysis of cell cycle distribution
after treatment with N,N-
dicyclohexylamine salt of hyperforin

HepG2 cells were plated at a density of
1 x 10° cells/well on six-well plates. After
treatment with N,N-dicyclohexylamine salt
of hyperforin for 48h, the cells were
washed three times with PBS. An equal
volume of ethanol was added to the cells
and kept overnight at 4°C. The cells were
washed twice and resuspended in PBS.
Then, 100 pg/ml RNase was added and
incubated with cells for 1 h at 37°C. PI was
added at a final concentration of 0.05 mg/ml
followed by 0.5h incubation protected
from light. DNA content was analyzed
using a FACSCanto II flow cytometer
(ELITE, Beckman Coulter). Data analysis
was carried out using WINMDI 2.9 Version
(Phoenix Flow Systems).

4.8 Statistical analysis

The data presented are expressed as
the means = SD of three independent
experiments. Statistical significance was
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estimated by one-way analysis of variance
followed by Dunnett’s test for unpaired
observations, with significance at
p < 0.05.
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